Fischer-Tropsch syntheses were carried out in a slurry phase over Mn-modified Ru/carbon nanotube (CNT) catalysts using hexadecane as a solvent. CO conversion and C5＋ selectivity were dependent on the Ru and Mn concentrations as well as the reaction temperature. The activity of the catalyst containing optimized amounts of Ru and Mn was very similar to that of Ru _ Mn/γ-Al2O3, although the initial activity of CNT-based catalysts after 3 h was about 10％ lower than that of Al2O3-based catalyst. Presumably removal of chloride from RuCl3 to form active metallic ruthenium species on the CNT catalyst was enhanced by the addition of manganese.
Introduction
The present study evaluated the activities of Mn modified Ru catalysts supported on CNTs for the FT Biomass has recently been investigated as a renew-reaction. able energy source with high potential. The biomass to liquid (BTL) process is one of the most promising 2. Experimental biomass conversion processes to produce sulfur-free transportation fuels in remote and/or local areas 1) . The physisorption using a Nippon-Bell Belsorp-max Analyzer. Approximately 0.1 g of each sample was weighed, and then degassed at 393 K overnight. Metal particle size was estimated by CO adsorption measure ments using a Nippon-Bell BELCAT-type instrument. X-ray diffraction (XRD) patterns of the fresh catalysts were recorded with a Philips 1850 diffractometer using Cu radiation, operated at 40 kV and 40 mA.
3. Catalytic Measurements
The catalyst (0.5 g) was introduced into an auto clave-type reactor with a volume of about 100 cm 3 and activated by reduction with H2 under 2 MPa at 443 K for 5 h. After reduction, 20 cm 3 of hexadecane was introduced under an inert atmosphere, and a gas mixture, CO/H2/N2＝58.3/29.1/12.6, was fed into the catalyst slurry with bubbling and vigorous stirring. The reaction con ditions were as follows: flow rate 30 cm 3 ・min -1 , 533 K, and 2.0 MPa. Gaseous analyses were carried out by on-line gas-chromatography (GC) every 3 h, and CO conversion and C5＋ selectivity were estimated. The on-line GC was equipped with Porapak Q and MS 5A columns for the thermal conductivity detector (TCD) and a DB-1 capillary column for the hydrogen-flame ionization deector (FID) for C1-C4 hydrocarbons. After the reaction, liquid product was collected and was analyzed by another off-line FID-GC using an SE-30 column, and chain growth probability (α) was estimated. CO conversion and C5＋ selectivity were estimated as follows:
CO conversion＝ ( Cn denotes the amount of hydrocarbon of carbon number "n". For example, C1 denotes the amount of CH4.
Results and Discussion

1. Catalyst Characterization
Samples of the purified CNT material was analysed by TEM. The purified product consisted of multiwalled carbon nanotubes ( Fig. 1(a) ) with predominantly open ends. The TEM images of the ruthenium CNT catalyst (Ru/CNT) after calcination at 573 K revealed that ruthenium particles were present on the surface of the CNTs (Fig. 1(b) ). After hydrogen reduction at 443 K, the ruthenium particles were more clearly observed ( Fig. 1(c) ) compared to before the reduction. The particle size was 10-15 nm, consistent with the values calculated from the CO adsorption (in Table 1 ). Part of these particles appeared to be inside the tube ( Fig. 1(c) ), but most Ru particles were present on the outer surface of nanotube due to the difficulty in homo geneous dispersion of Ru particles inside the tube. Figure 2 shows the XRD pattern of the Ru catalysts supported on CNTs. The XRD patterns of the fresh Ru/CNT catalyst (b) included diffraction peaks due to RuCl3 (2θ＝36°, 52°, and 66°) and carbon (2θ＝25°, 44°and 54°), but no peaks for metallic ruthenium or ruthenium oxides. In contrast, the XRD patterns of Ru _ Mn/CNT contained no peaks due to RuCl3, metallic Ru, or RuOx, indicating that the Ru species were highly dispersed in the samples, although used Ru _ Mn/CNT catalyst (e) showed weak RuO2 diffractions with no metallic ruthenium and manganese diffractions. Our previous study found similar effects of Mn addition in Ru _ Mn/Al2O3 systems. The BET surface areas and pore volumes of CNTbased catalysts were lower than for γ-Al2O3-based catalyst ( Table 1) , but these values were analogous to reported values for CNT-based catalysts 6) . The pore volume of CNT-based catalysts was in the order RuMn/ CNT＞Ru/CNT＞CNT, in accordance with the peak area of differential pore volume (d(Vp)/d(rp)) between ca. 9 and 15 nm of pore radius (rp), as shown in Fig. 3 . The BET surface area and pore volume of Ru/activated carbon (AC) catalysts were larger than those of CNTbased catalysts, whereas the values of Ru/graphite catalysts were smaller. The metal particle size of Ru/ graphite catalyst was similar to that of CNT-based cata lysts, but the value of Ru/AC catalyst varied between AC (Wako) and AC (Darco) products, indicating sensi tivity to carbon structure.
• RuCl 3 , ○ RuO 2 . 
2. Activity of Ru/carbon Catalysts
The activities of various ruthenium/carbon catalysts for the FT reaction are summarized in Table 1 , using the mean values throughout the course of the reaction. The Ru/CNT catalysts as well as other Ru/carbon cata lysts examined in this study exhibited slightly lower activities and higher methane selectivities compared with Ru _ Mn/γ-Al2O3. However, Ru _ Mn/CNT exhibited enhanced activity comparable to that of Ru _ Mn/γ-Al2O3. The chain growth probability values for Ru/CNT, Ru _ Mn/CNT, and Ru/graphite were slightly lower than those of Ru/AC and Ru _ Mn/Al2O3 catalysts. Table 2 shows the effects of Ru and Mn concentra tion on the FT reaction in the slurry phase using Ru _ Mn/ CNT catalyst. Increased ruthenium concentration re sulted in increased metal particle size, resulting in in creased CO conversion and CH4 selectivity, and de creased C5＋ selectivity. Table 2 also shows the effect of manganese concentration, where CO conversion in creased with higher Mn concentration up to 10 wt％, but C5＋ selectivity decreased. Further Mn increases resulted in decreased CO conversion and increased C5＋ selectivity. Figure 4 shows the effect of the time-on-stream on the FT activity of Ru _ Mn/CNT and Ru _ Mn/γ-Al2O3
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Inset: Data of Ru/AC (Wako) and Ru _ Mn/γ-Al 2 O 3 .
Fig. 3 Correlation between Differential Pore Volume (d(Vp)/d(rp))
and Pore Radius (rp) Conditions are identical to those of Fig. 4 . catalysts. The initial CO conversion of Ru _ Mn/CNT was more than 10％ lower than that of Ru _ Mn/γ-Al2O3 catalysts. However, the activity of Ru _ Mn/CNT almost remained constant after 33 h, whereas the activity of Ru _ Mn/γ-Al2O3 gradually decreased as the reaction proceeded. As a result, CO conversion of Ru _ Mn/ CNT was comparable to that of Ru _ Mn/γ-Al2O3 after 33 h. The C5＋ selectivity of Ru _ Mn/CNT was also constant, but that of Ru _ Mn/γ-Al2O3 slightly decreased until ca. 20 h and then leveled off. Figure 5 shows the effect of temperature on the FT activity of Ru/CNT catalyst. The CO conversion at 493 K was about 10％ lower than that at 533 K, whereas C5＋ selectivity at 493 K was about 5％ higher than at 533 K.
We previously investigated the FT reaction using _ Ru Mn/γ-Al2O3, in which the catalyst was prepared stepwise by manganese impregnation with γ-Al2O3 and calcination, followed by RuCl3 impregnation with Mn _ γ-Al2O3 2) . In this case, addition of Mn to γ-Al2O3 possibly accelerates the removal of Cl atoms from RuCl3 to form MnCl2, and increases the density of Ru active atoms on the catalyst surface, which was con firmed by the findings of X-ray photoelectron spectros copy (XPS) and temparature programmed reduction (TPR). Since these findings are consistent with the XRD data of Fig. 2 and the Ru _ Mn/CNT catalyst was prepared by the same procedure as Ru _ Mn/γ-Al2O3, the addition of manganese to Ru/CNT probably causes the removal of chloride atoms from RuCl3 and increases the density of active metallic Ru species on the CNT catalyst, resulting in the observed catalyst stability for at least 33 h. However, Ru/CNT catalyst without Mn also shows almost constant activity, although the CO conversion is lower than that of Ru _ Mn/CNT catalyst, as shown in Fig. 5 . Thus, further investigation is re quired to elucidate the catalyst stability of the Ru/CNT system.
Conclusion
The present study showed that Mn-modified Ru cata lysts supported on carbon nanotubes are active for FT synthesis, and the CO conversion and C5＋ selectivity of these catalysts depend on the Ru and Mn concentrations as well as reaction temperature. CO conversion after 33 h was comparable to that of Ru _ Mn/γ-Al2O3 cata lyst, although the initial activity of CNT-based catalysts after 3 h was about 10％ lower than that of Al2O3-based catalysts. Presumably removal of chloride from RuCl3 to form active metallic ruthenium species on the CNT catalyst was enhanced by the addition of manganese, which led to the catalyst stability for at least 33 h. 
